JOURNAL OF BACTERIOLOGY, Apr. 2005, p. 2267-2277
0021-9193/05/$08.00+0  doi:10.1128/JB.187.7.2267-2277.2005

Vol. 187, No. 7

Copyright © 2005, American Society for Microbiology. All Rights Reserved.

Transposon Mutagenesis of Mb0100 at the ppel-nrp Locus in
Mycobacterium bovis Disrupts Phthiocerol Dimycocerosate
(PDIM) and Glycosylphenol-PDIM Biosynthesis,
Producing an Avirulent Strain with Vaccine
Properties At Least Equal to Those of
M. bovis BCG

Grant S. Hotter,'* Barry J. Wards,' Pania Mouat,' Gurdyal S. Besra,” Jessica Gomes,>
Monica Singh,' Shalome Bassett,' Pamela Kawakami,' Paul R. Wheeler,’
Geoffrey W. de Lisle,' and Desmond M. Collins'

AgResearch, Wallaceville Animal Research Centre, Upper Hutt, New Zealand," and School of Biosciences,

University of Birmingham, Edgbaston, Birmingham,” and Veterinary Laboratories Agency, New Haw,
Addlestone, Surrey,® United Kingdom

Received 12 October 2004/Accepted 13 December 2004

The unusual and complex cell wall of pathogenic mycobacteria plays a major role in pathogenesis, with
specific complex lipids acting as defensive, offensive, or adaptive effectors of virulence. The phthiocerol and
phthiodiolone dimycocerosate esters (PDIMs) comprise one such category of virulence-enhancing lipids.
Recent work in several laboratories has established that the Mycobacterium tuberculosis fadD26-mmpL7
(Rv2930-Rv2942) locus plays a major role in PDIM biosynthesis and secretion and that PDIM is required for
virulence. Here we describe two independent transposon mutants (WAg533 and WAgS537) of Mycobacterium
bovis, both of which carry an insertion in Mb0100 (= M. tuberculosis Rv0097) to reveal a new locus involved in
PDIM biosynthesis. The mutations have a polar effect on expression of the downstream genes Mb0101, Mb0102
(fadD10), Mb0103, and Mb0104 (rrp), and Mb0100 is shown to be in an operon comprising these genes and
Mb0099. Reverse transcription-PCR analysis shows elevated transcription of genes in the operon upstream
from the transposon insertion sites in both mutants. Both mutants have altered colony morphology and do not
synthesize PDIMs or glycosylphenol-PDIM. Both mutants are avirulent in a guinea pig model of tuberculosis,
and when tested as a vaccine, WAg533 conferred protective immunity against M. bovis infection at least equal
to that afforded by M. bovis bacillus Calmette-Guérin.

Tuberculosis, caused by closely related members of the My-
cobacterium tuberculosis complex, continues to have a major
impact on human and animal health worldwide and is respon-
sible for the death of approximately two million people each
year, primarily in developing nations (14). Mycobacterium bo-
vis, the pathogen responsible for bovine tuberculosis, is a
broad-host-range member of the M. tuberculosis complex, and
its transmission to humans is probably responsible for some
5% of human tuberculosis deaths (15). The current tubercu-
losis vaccine, M. bovis bacillus Calmette-Guérin (BCG), has
shown highly variable efficacy, and a significantly better vaccine
is urgently required.

In New Zealand, traditional test and slaughter approaches
to eradication of bovine tuberculosis from domestic livestock
have been frustrated by the presence of introduced wildlife,
particularly the Australian brushtail possum (Zrichosurus
vulpecula), which maintains a reservoir of infection (23). Ex-
tensive wildlife culling operations over many years have failed
to eliminate infected possums from many parts of the country,
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and vaccination of wildlife against tuberculosis is being inves-
tigated. Any vaccine developed for tuberculosis control in the
New Zealand environment must be compatible with large-
scale vaccination of animals, and this requirement has directed
research towards the development of rationally attenuated
strains of M. bovis with vaccine efficacy (9, 11, 12). More-
detailed investigation of the attenuation of some of these
strains (10, 38) is also contributing to our understanding of the
molecular determinants required for tuberculosis pathogene-
sis.

Among the known determinants required for virulence in
pathogenic mycobacteria are complex lipid components of the
mycobacterial cell wall that act as defensive, offensive, or adap-
tive effectors of virulence. The phthiocerol and phthiodiolone
dimycocerosate esters (PDIMs) comprise one such category
of virulence-enhancing lipids produced by members of the
M. tuberculosis complex and closely related species (17).
PDIMs are built upon polyketide scaffolds and comprise mul-
timethyl-branched long-chain mycocerosic acids diesterified
with long-chain phthiocerol or phthiodiolone diols (28) (Fig.
1). Additional PDIM variants include the phenol- and glyco-
sylphenol-PDIMs (Fig. 1). Recent work in several laboratories
has established that proteins encoded by genes at the M. fu-
berculosis fadD26-mmpL7 locus (fadD26, ppsA to ppsE, drrA to
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FIG. 1. PDIM (3) biosynthesis involves diesterification of mycocerosic acid (2) with phthiocerol (1). R, is -CH; for phthiocerols, phthiodiolone,
and PDIMs or methyl-pD-rhamnose—phenol-CH, —for glycosylphenol PDIM. R, is -OCHj for phthiocerol and glycosylphenol PDIM and =O for
phthiodiolone. R is -CH; or —H. R, denotes a thioester intermediate.

drrC, papAS, mas, fadD28, and mmpL7) play major roles in
PDIM biosynthesis and secretion and that PDIM is required
for virulence (7, 16, 33, 35). PpsA to PpsE and Mas are mul-
tifunctional polyketide synthases responsible for fatty-acid-
chain extension utilizing either malonyl CoA (PpsA to PpsC)
or methylmalonyl coenzyme A (CoA) (PpsD, PpsE and Mas)
and leading to phthiocerol (PpsA to PpsE) and mycocerasate
(Mas) biosynthesis. Onwueme et al. (29) have recently pro-
posed that PapAS is required for diesterification of phthiocerol
with mycocerosate to produce PDIM. FadD26 belongs to a
family of long-chain fatty acyl-AMP ligases that activate long-
chain fatty acids as acyl-adenylates for subsequent transfer to
their cognate multifunctional polyketide synthases, and in the
case of FadD26, transfer is to PpsA (39). Several additional
proteins involved in PDIM and glycosylphenol-PDIM biosyn-
thesis are encoded by genes located immediately downstream
from the fadD26-mmpL7 locus (13, 31, 32).

Despite our increasing knowledge of PDIM and glycosylphe-
nol-PDIM biosynthesis, considerable gaps still remain. Here,
we describe the characterization of two avirulent transposon
mutants, WAg533 and WAg537, derived from the virulent M.
bovis wild-type strains WAg200 and WAg201, respectively.
While the two mutants were independently identified, they
each carry a disruption in Mb0100 (= M. tuberculosis Rv0097)
and show the same defect in PDIM and glycosylphenol-PDIM
biosynthesis. When WAg533 was tested as a tuberculosis vac-
cine in guinea pigs, it was at least as effective as BCG.

MATERIALS AND METHODS

Bacterial strains, growth media, and culture conditions. Plasmids were prop-
agated at 37°C in Escherichia coli XL1 Blue MR in Luria—Bertani broth or
Luria-Bertani agar (Difco) supplemented with kanamycin (50 wg/ml). M. bovis
strains examined were the following: WAg200, a virulent wild-type isolate from
New Zealand cattle, and its transposon mutant, WAg533; WAg201, also a viru-
lent wild-type isolate from New Zealand cattle, and its transposon mutant,
WAg537; and a signature tag mutant derived from WAg201, WAg579, that
carries a disruption in pksi5/1 (11). M. bovis wild-type and transposon mutant
strains were cultured at 37°C in Middlebrook 7H9 (Difco) liquid medium and on
Middlebrook 7H11 (Difco) solid medium as previously described (12). For 96-
well microtiter plates, mutants were cultured in Tween-albumin broth (Tween
80, Dubos broth base [Difco], oleic acid-albumin-dextrose complex [Difco]) (25).
Transposon and signature tag mutants were selected and cultured on solid or
liquid medium supplemented with 20 wg of kanamycin/ml. M. bovis was cultured

from guinea pig spleens (half the spleen) and lungs (left apical lobe) at the
conclusion of vaccine efficacy trials as previously described (12).

Transposon mutagenesis. The suicide plasmid vector, pYUBS553.1, containing
transposon Tn5367 (26), which incorporates a kanamycin resistance gene as a
selectable marker, was electroporated (41) into the wild-type, virulent M. bovis
strains WAg200 and WAg201. In the case of WAg200, electroporated cells were
plated to obtain single colonies, and insertional mutants were screened by eye to
detect colonies with morphology differences. In the case of WAg201, electropo-
rated cells were plated and single colonies were subcultured in 96-well microtiter
plates and transferred in duplicate to multiple Omnitrays containing solid me-
dium with and without cycloserine (2 wg/ml).

To determine the site of insertion of the kanamycin resistance gene in the
chromosome of the transposon mutants derived from WAg200 and WAg201,
chromosomal DNA (40) was digested with EcoRI (which does not cut within
Tn5367), ligated into the EcoRI site of the cloning vector pBluescript II KS,
electroporated into E. coli XL1-Blue MR, and selected with kanamycin. Follow-
ing isolation of the insertional construct, the junction regions of the transposon-
containing fragment and mycobacterial chromosome were sequenced with prim-
ers DMC213 (5'-ACGTTCCGACCAGCGTC-3') and DMC214 (5'-TCAGGG
TCGAGGCGTTG-3').

To confirm that a single transposition event had occurred in each mutant, a
Southern blot of KpnI-digested genomic DNA that had been extracted (40) from
liquid cultures of the parental and transposon mutant strains was hybridized with
a 1,171-bp probe to Mb0100 made by incorporating [*>P]dCTP in a PCR using
primers DMC638 (5'-AGCACTACAGTCCCGTTGCT-3") and DMC376 (Ta-
ble 1).

Determination of virulence and determination of vaccine efficacy. All animal
work was approved by the institution’s Animal Ethics Committee. Virulence was
tested by inoculating approximately 10° CFU of each strain subcutaneously into
the flanks of three Dunkin-Hartley guinea pigs. After 8 weeks, the animals were
sacrificed and autopsied, and virulence was assessed by determining the numbers
of macroscopic spleen, lung, and liver lesions.

Vaccine efficacy trials were performed as previously described (12). Briefly,
groups of six Dunkin-Hartley guinea pigs were vaccinated subcutaneously with
10° CFU of WAg533 or BCG. A control group of six animals was not vaccinated.
Eight weeks after vaccination, all animals were challenged by aerosol with 2 to 10
CFU of wild-type M. bovis (WAg201). Five weeks after challenge, the animals
were sacrificed and autopsied. The numbers of macroscopic spleen lesions were
recorded, and samples of spleen and lung were subjected to mycobacterial
culture and the numbers of CFU were recorded. Statistical analyses by analysis
of variance were performed on log,, transformations of spleen and lung CFU
and on numbers of macroscopic lesions in the spleen.

RNA extraction and RT-PCR. RNA was prepared by adding four volumes of
guanidinium thiocyanate solution directly to broth cultures (37), harvesting the
cells by centrifugation (approximately 10% cells/extraction), and disrupting the
cells in Lysing Matrix B tubes (Qbiogene), using a FastPrep cell disrupter (Qbio-
gene) in the presence of 1 ml of Trizol (Invitrogen). After Trizol extraction,
residual DNA was removed by incubation in DNase I (Invitrogen), and the RNA
was further purified by using an RNeasy minikit (QIAGEN). At least three
independent RNA samples were prepared for each strain. Reverse transcription
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TABLE 1. Oligonucleotide primers used for RT-PCR analysis to define the Mb0099-Mb0104 operon

RT-PCR product,
gene boundary examined

Plus-strand primer and sequence®

Minus-strand primer and sequence”

1, Mb0098-Mb0099 DMC371 DMC372
AAGCGGTCCAGGTCGGCATC CTCAAGCCAGGCCAGATAGG
2, Mb0099-Mb0100 DMC373 DMCo613
GAAAGCGGCGTCGGGATACG ACCGAGTCCCTCGCCTTTGA
3, Mb0100-Mb0101 DMC375 DMC376
GCACCACCAAGATCGAGGAC GTTCGACCGCGTTGAAGTGC
4, Mb0101-Mb0102 DMC377 DMC378
TGCTTCGCGGCTGGTCGATC AGCTTTGCACACGCCAGCAC
5, Mb0102-Mb0103 DMC379 DMC380
GGTCGCATCGGCAGAGCTITG ACAGCCTCCAGCTCGCGAAG
6, Mb0103-Mb0104 DMC381 DMC382
CGCCGTCTGCGACGTGTTGT CAGGTGCTCATCGGCTGACC
7, Mb0102-Mb0104 DMC379 DMC382
GGTCGCATCGGCAGAGCTITG CAGGTGCTCATCGGCTGACC
8, Mb0104-Mb0105 DMC383 DMC384
GGTTGCAGCGGTTTGAGGCC CCAGCCGTACCATCGCCATG
9, Mb0105-Mb0106 DMC385 DMC386
TGGCGCTGGTTACCCAATGG TCTGGGCGTTCGGGTACAAC

“ Gene-specific primers expected to prime reverse transcription based upon gene annotation are shown in Table 1 as minus-strand primers; gene-specific primers not
expected to prime reverse transcription based upon gene annotation are shown in Table 1 as plus-strand primers, except for RT-PCR product 1 (Mb0098-Mb0099),
where both primers are expected to prime reverse transcription but not yield a RT-PCR product, and RT-PCR product 9 (Mb0105-Mb0106), where neither primer is

expected to prime reverse transcription.

(RT) using Transcriptor reverse transcriptase (Roche) was performed according
to the manufacturer’s instructions, using random primers or, for some experi-
ments detailed in the Results section, gene-specific primers (Table 1). PCR was
performed in a GeneAmp PCR System 9700 (Applied Biosystems) instrument,
using the following conditions: 94°C for 5 min (94°C, 45 s; 60°C, 30 s; 72°C, 90 s)
31 times and 72°C for 7 min at 4°C. PCR primers are shown in Table 1. Extensive
control reactions utilizing DNasel-treated RNA without reverse transcription
were performed for all PCR primer-sample combinations. In all cases, these
control reactions did not yield PCR products (data not shown). All PCR primer
pairs produced the expected PCR product with genomic DNA as a template
(data not shown).

Lipid analysis. The production of PDIMs and glycosylphenol-PDIM by the
parental and mutant strains was analyzed by two-dimensional thin-layer chro-
matography (TLC). Cultures were harvested during late exponential phase (op-
tical density at 600 nm = 1.0) for each wild-type and mutant strain, heat killed,
and dried under nitrogen. The dried bacterial pellet (50 to 100 mg) was subjected
to biphasic extraction as described previously (3) and finally redissolved in
hexane. Extracted mycobacterial lipids were separated by TLC on precoated,
aluminum-backed, 10- by 10-cm ALGRAM Nano-Sil G/UV,s, TLC plates (Ma-
cherey Nagel), using two two-dimensional solvent systems to reveal PDIMs
(solvent system A) or glycosylphenol-PDIM (solvent system C) (18). Solvent
system A was as follows: first dimension, petroleum ether/ethyl acetate, 98:2,
three runs; second dimension, petroleum ether/acetone, 98:2, one run. Solvent
system C was as follows: first dimension, chloroform/methanol, 96:4; second
dimension, toluene/acetone, 80:20. TLC plates were dipped in 4% ethanolic
phosphomolybdic acid (solvent system A) or 2.5% a-naphthol-10% sulfuric acid
(or 10% sulfuric acid alone) (solvent system C) and heated at 100 to 120°C to
reveal PDIMs and glycosylphenol-PDIM, respectively.

In order to fractionate PDIMs from other nonpolar lipids, a cartridge purifi-
cation system was developed. The petroleum-ether, nonpolar extract (3) was
applied directly to a prewashed 500-mg normal-phase silica gel cartridge (All-
tech), using 200 pl of petroleum ether. The sample was then eluted using 0.5%
increments of diethyl ether in petroleum ether (0 to 5%) over 200 ml and
collected in 20-ml fractions in test tubes. Fractions were dried by using a stream
of argon, redissolved in petroleum ether, and analyzed by one-dimensional TLC
by using direction 2 of solvent system A. The purified PDIMs were then reana-
lyzed by using solvent system A as described above, and a matrix-assisted laser
desorption ionization—time-of-flight spectrum was recorded for the purified
PDIM in comparison to M. tuberculosis PDIM standard.

Bioinformatics. DNA and amino acid sequences for analysis were retrieved
from the National Centre for Biotechnology Information (http://www.ncbi.nlm
.nih.gov/), the Bovilist web server (http:/genolist.pasteur.fr/BoviList/), the Tu-
berculist web server (http:/genolist.pasteur.fr/TubercuList/), or the MycoBD
web server (http://myco.bham.ac.uk//) as appropriate. BLAST searches were

performed using BLAST resources available at the National Centre for Biotech-
nology Information (http://www.ncbi.nlm.nih.gov/BLAST/ and http://www.ncbi
.nlm.nih.gov/sutils/genom_table.cgi). General sequence storage, analysis, and an-
notation were performed by using VectorNTI (Informax/Invitrogen).

RESULTS

Isolation of transposon mutants. The virulent M. bovis wild-
type strains WAg200 and WAg201 were both electroporated
with the suicide plasmid vector, pYUBS553.1, containing the
transposon Tn5367. In the case of WAg200, more than 5,000
insertional mutants were screened by eye to detect colonies
with morphology differences from the parent. One strain,
WAg533, which consistently showed such differences on recul-
turing (Fig. 2), was found to be avirulent in guinea pigs, with no
macroscopic spleen, lung, or liver lesions observed. By com-
parison, more than 100 macroscopic spleen lesions are typically
observed in guinea pigs inoculated with the wild-type parental
strains WAg200 and WAg201. In the case of WAg201, more
than 2,000 insertional mutants were screened, and one strain
was identified that was sensitive to cycloserine and was aviru-
lent in guinea pigs, with no macroscopic spleen, liver, or lung
lesions observed. Subsequent examination on solid medium
showed that like WAg533, WAg537 had an altered morphol-
ogy compared to its parent strain, WAg201 (Fig. 2). Thus,
WAg200 and WAg201 colonies are typically flat, while colonies
of WAg533 produce lumpy structures rising above the surface
of the agar plate, and colonies of WAg537 are less lumpy than
WAg533 colonies but develop a pronounced striated appear-
ance (Fig. 2).

Sequencing out into the M. bovis genome from each end of
the transposon inserted into each of mutants WAg533 and
WAg537 demonstrated that an identical gene, Mb0100, was dis-
rupted in each case. Figure 3A shows the gene annotations in
the region of Mb0100 (21) (http://genolist.pasteur.fr/BoviList/)
and the relative positions where transposon Tn5367 was in-
serted into WAgS533 and WAg537.
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FIG. 2. Colony morphologies of transposon mutants WAg533 and
WAg537 compared to those of their respective parental wild-type
strains, WAg200 and WAg201.

Examination of the genome sequence in the region of
Mb0100 in the sequenced M. bovis strain (AF2122/97) (http:
//genolist.pasteur.fr/BoviList/) and comparison with the M. tu-
berculosis H37Rv genome sequence (http://genolist.pasteur.fr/
TubercuList/) identified Kpnl sites flanking the insertion site

J. BACTERIOL.

TABLE 2. Vaccination of guinea pigs with WAg533 protects
against aerosol challenge with M. bovis®

M. bovis Spleen lesions M. bovis in spleen M. bovis in lung
vaccination strain (mean no. = SE) (log,, CFU * SE) (log,, CFU * SE)
None 32 +8.04 4.97 = 0.174 4.22 +0.25%
BCG 0.3 +0.33" 1.53 +0.53" 2.36 + 0.36"
WAg533 0.0 = 0.08 1.00 = 0.00® 230 = 0.448

“ Values within the same column with the same superscript letter are not
significantly different.

(Fig. 3A) (Kpnl does not cut within Tn5367). The existence of
a single transposon insertion into Mb0100 in each mutant was
demonstrated by hybridizing a Southern blot of KpnI-digested
genomic DNA from each parent and mutant strain with an
Mb0100-derived probe. Both parental strains displayed a
1,684-bp wild-type fragment, and as expected for a single trans-
position event, both mutants displayed a single fragment of 5.1
kb corresponding to the 1,684-bp wild-type Kpnl fragment
carrying a 3.4-kb Tn5367 insertion (Fig. 3B).

Vaccination studies. WAg533 (WAg537 not tested) was ex-
amined for its efficacy as a vaccine against bovine tuberculosis.
Vaccination with both WAg533 and BCG resulted in highly
significant protection against virulent M. bovis for all measures
examined (Table 2). WAg533 was better than BCG for all
measures of protection examined, but the differences were not
statistically significant (Table 2).

Transposon insertion into Mb0100 has a polar effect, dis-
rupting expression of Mb0101 and Mb0102 and reducing ex-
pression of Mb0103 and Mb0104. The annotated M. bovis
AF2122/97 genome (21) (http://genolist.pasteur.fr/BoviList/)
suggested that Mb0100 was located within an operon compris-
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FIG. 3. Disruption of Mb0100 in transposon mutants WAg533 and WAg537. (A) Gene organization around Mb0100 showing annotated gene
designations, the positions of RT-PCR gene boundary products 1 to 9, the relative locations of transposon insertion in WAg533 and WAg537, and
the position of Kpnl sites (descending arrowheads) flanking Mb0100. (B) Autoradiogram of a Southern blot of KpnI-digested genomic DNA from
parental (WAg200 and WAg201) and transposon mutant (WAg533 and WAg537) strains hybridized with a Mb0100-derived probe.
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FIG. 4. Disruption of Mb0100 in transposon mutants WAg533 and WAg537 results in altered expression of both upstream boundary RT-PCR
products and downstream boundary RT-PCR products. (A) Expression analysis of RT-PCR gene boundary products 1 to 9 in parental (WAg200
and WAg201) and transposon mutant (WAg533 and WAg537) strains following reverse transcription with random primers. (B) Expression analysis
of RT-PCR gene boundary products 5 to 7 in parental (WAg200 and WAg201) and transposon mutant (WAg533 and WAg537) strains following
reverse transcription with gene-specific primers that were expected (left arrow) or not expected (right arrow) to prime reverse transcription.
(C) Dilution RT-PCR analysis of RT-PCR gene boundary product 2 (Mb0099-Mb0100) in parental (WAg200 and WAg201) and transposon

mutant (WAg533 and WAg537) strains.

ing Mb0099 (ppel), Mb0100, Mb0101, Mb0102 (fadD10),
Mb0103, and Mb0104 (nrp). Furthermore, each of the equiv-
alent genes in M. tuberculosis is strongly induced in a senX3-
regX3 mutant, suggesting that these genes are at least coregu-
lated (30). If Mb0100 is in an operon with Mb0099, Mb0101,
Mb0102, Mb0103, and Mb0104, then transposon insertion into
Mb0100 in mutants WAg533 and WAg537 would be expected
to have a polar effect on expression of the other, downstream
genes. Consequently, a series of PCR primer pairs (Table 1)
was designed to amplify across gene boundaries (1 to 9 in Fig.
3A) so that, coupled to reverse transcription, they would define
the extent of the operon containing Mb0100 and the extent of
the polar effect of the mutations.

Results presented in Fig. 4A, B, and C (which present results
from typical experiments) show that Mb0099 to Mb0104 are
cotranscribed in the wild-type strains WAg200 and WAg201,
since all the intergene boundary RT-PCR products were ob-
served, while expected negative controls (RT-PCR products 1
and 9) were not. The Mb0099-Mb0100 boundary RT-PCR
product (RT-PCR product 2) was invariably weak compared to
RT-PCR products 3, 4, 5, 6, and 7. Indeed, on several occa-
sions, as shown for WAg200 and WAg201 in Fig. 4A, this
product was not visible after 31 PCR cycles but could be de-
tected by increasing the number of cycles. We suggest that the
mRNA transcript is less stable in the region of the Mb0099-
Mb0100 boundary than in the other gene boundaries exam-

ined. In contrast, disruption of Mb0100 resulted in a dramatic
increase in expression across this gene boundary (compare
RT-PCR products 2 in WAg533 and WAg537 with their par-
ents), confirming that Mb0099 and Mb0100 are cotranscribed
and suggesting the possible involvement of a feedback regula-
tory system controlling expression of the Mb0099-Mb0104
operon. Serial dilution RT-PCR experiments were performed
to establish that transcription across the Mb0099-Mb0100
(RT-PCR product 2) gene boundary increased by a minimum
of 8- to 16-fold in WAg533 compared to results for WAg200
and increased by a minimum of 8-fold in WAg537 compared to
results for WAg201. A typical result is shown in Fig. 4C.
Results presented in Fig. 4A, B, and C further show that in
transposon mutants WAg533 and WAg537, transposon inser-
tion into Mb0100 disrupted transcription across the Mb0100-
Mb0101 (RT-PCR product 3) and Mb0101-Mb0102 (RT-PCR
product 4) gene boundaries (compare the absence of RT-PCR
products 3 and 4 in WAg533 and WAg537 with their presence
in the parental strains). However, transposon insertion into
Mb0100 did not disrupt transcription across the Mb0102-
Mb0103 (RT-PCR product 5), Mb0103-Mb0104 (RT-PCR
product 6), or Mb0102-Mb0104 (RT-PCR product 7) gene
boundaries but resulted in decreased expression. Results
shown in Fig. 4A were obtained by using random primers for
reverse transcription. To confirm reduced expression across
the Mb0102-Mb0103 (RT-PCR product 5), Mb0103-Mb0104
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(RT-PCR product 6), and Mb0102-Mb0104 (RT-PCR product
7) gene boundaries, we used gene-specific primers for reverse
transcription to again show that transcription across all three
gene boundaries was reduced in WAg533 and WAg537 com-
pared to their expression levels in WAg200 and WAg201 (Fig.
4B). Unexpectedly, we also observed transcription from the
opposite strand (Fig. 4B), likely accounting for some of the
expression observed across the Mb0102-Mb0103 (RT-PCR
product 5), Mb0103-Mb0104 (RT-PCR product 6), and
Mb0102-Mb0104 (RT-PCR product 7) gene boundaries ob-
tained by using random primers for reverse transcription (Fig.
4A). Two partially overlapping open reading frames (with no
similarity to any other genes detected in BLAST searches) are
present in this region (data not shown), and their transcription
may account for our results.

Results presented in Fig. 4A, B, and C show that in the
wild-type strains, Mb0099 to Mb0104 are cotranscribed, since
the relevant intergene boundary RT-PCR products are ob-
served. However, RT-PCR results for WAg533 and WAg537
suggest that Mb0102-Mb0104 can be cotranscribed separately
from Mb0099, Mb0100, and Mb0101. This indicates that there
is an alternative promoter located immediately upstream from
Mb0102. Consistent with this proposal, a possible mycobacte-
rial promoter sequence (TCGAACN,;TCCAATGGGAGGAA
AGAAGTTTCAAGCTATG) with typical —10 and —35 re-
gions (bold italic) (24) is found immediately upstream from,
and partially overlapping, the annotated Mb0102 ATG start
codon (underlined above). If so, this would imply that a more
downstream start codon may be used, the first of which is
highlighted in bold above.

We occasionally observed an RT-PCR product (RT-PCR
product 8) indicative of transcription across the Mb0104-
Mb0105 gene boundary (such an instance is shown for
WAg201 in Fig. 4A). While detection of the Mb0104-Mb0105
boundary RT-PCR product clearly shows that the Mb0104-
Mb0105 boundary can be cotranscribed, this product was de-
tected in only a few samples. This, combined with the 175-bp
separation between Mb0104 and Mb0105 and the observations
by Parish et al. (30) that the M. tuberculosis genes equivalent to
Mb0099, Mb0100, Mb0101, Mb0102, Mb0103, and Mb0104 are
strongly induced in a senX3-regX3 mutant, while the M. tuber-
culosis gene equivalent to Mb0105 is not, together suggest that
our detection of a Mb0104-Mb0105 boundary RT-PCR prod-
uct in only a few samples most likely represents an occasional
failure of transcription to terminate by the position of PCR
primer DMC384.

Disruption of Mb0100 blocks biosynthesis of PDIMs and
glycosylphenol-PDIM. The differences in colony morphology
between the two transposon mutants and their parental strains
suggested that the mutants might be defective in some aspect
of cell wall lipid biosynthesis, prompting an examination of the
lipid profiles of the parental and mutant strains by TLC. Ex-
amination of the extracted lipid profiles under a range of TLC
solvent systems designed to systematically profile a wide range
of mycobacterial lipids (18) demonstrated that WAg533 and
WAg537 both failed to produce PDIMs (Fig. SA) or glycosyl-
phenol-PDIM (Fig. 5D) but otherwise had normal lipid pro-
files. While an unidentified lipid is present in the PDIM region
for WAg537 (Fig. 5A), additional cartridge fractionation and
TLC analysis of lipids from the parental strains and transposon

J. BACTERIOL.

mutants showed that no PDIMs are produced (Fig. 5B and C).
Additional lipids have been previously observed in the PDIM
region (18).

A matrix-assisted laser desorption ionization-time-of-flight
spectrum of the purified PDIM from both M. bovis WAg200
and WAg201 afforded a series of molecular ions (m/z 1,304 to
1,390) consistent with a Cgs-Cy, composition of PDIM (data
not shown). These molecular species of M. bovis PDIM were
slightly smaller than M. tuberculosis PDIM (C92-C100) and
were consistent with previous observations of smaller myco-
cerosic fatty acids in PDIM from M. bovis in comparison to
those from M. tuberculosis (6, 27).

To provide additional verification that glycosylphenol-PDIM
was the lipid observed in Fig. 5D for both wild-type strains but
was not present in either of the transposon mutant strains, we
utilized a pksi5/1-disrupted M. bovis mutant (WAg579) de-
rived from WAg201 by selection for reduced virulence in a
guinea pig model of bovine tuberculosis (11). We expected this
mutant to produce PDIMs but not produce glycosylphenol-
PDIM, based upon results from a similar M. bovis BCG pks15/
1-disrupted mutant (13). As expected, WAg579 produced
PDIMs (Fig. 6A) but did not produce glycosylphenol-PDIM
(Fig. 6B).

Sequence analysis of the predicted proteins encoded by
Mb0099-Mb0104. We found that gene order at the Mb0099-
Mb0104 locus is highly conserved among slow-growing patho-
genic mycobacteria and is also substantially conserved in the
related actinomycete Streptomyces avermitilis (Fig. 7). The pre-
dicted proteins encoded by these genes in M. bovis are exam-
ined in detail below.

The predicted protein encoded by Mb0099 (PPE1) is a
member of the PPE multigene family (21) but is of unknown
function. The predicted protein encoded by Mb0100 shows
greatest similarity to members of the alpha-ketoglutarate-de-
pendent dioxygenase superfamily, particularly members of the
taurine dioxygenase subfamily, and most likely functions as a
dioxygenase or more generally as an oxidoreductase. Members
of the superfamily are characterized by a requirement for
Fe(II), which is bound by a conserved three-amino-acid His-
X-Asp/Glu-X,,-His motif. Mb0100 retains this motif as Hisy,-
Tle-Aspgo-X,60-His,qo- The predicted protein encoded by
Mb0101 shows no similarity to any other proteins, with the
exception of orthologs in mycobacteria and S. avermitilis (Fig.
7), and its function is unknown. The predicted protein encoded
by Mb0102 (FadD10), like other mycobacterial FadD proteins,
is similar to acyl-CoA synthetases that convert free fatty acids
into acyl-coenzyme A thioesters as a prelude to fatty acid
degradation. FadD10 belongs to the larger of two M. tubercu-
losis FadD clusters (39) and, like other members of the large
cluster, shows relatively low similarity to other members of the
cluster. The predicted protein encoded by Mb0103 shows lim-
ited similarity to acyl carrier protein domains involved in
polyketide biosynthesis. The characteristic acyl carrier protein
Asp-Ser-Leu (DSL) motif that serves as a 4’-phosphopante-
theine attachment site is conserved as DSV in Mb0103.

The predicted protein encoded by Mb0104 (Nrp) shows sig-
nificant similarity to a wide range of nonribosomal peptide
synthetases (NRPSs) from a broad range of species. NRPSs
are organized as iterative modules, one for each amino acid to
be incorporated into the peptide product. A minimal elonga-
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FIG. 5. Biosynthesis of PDIMs and glycosylphenol-PDIM is disrupted in transposon mutants WAg533 and WAg537. (A, B, and C) TLC
showing the absence of PDIM biosynthesis in transposon mutants WAg533 and WAg537. The PDIM region is bracketed for the wild-type strains
and comprises PDIMs A, B, and C (3). (B and C) TLC of the PDIM-containing fractions after cartridge fractionation. The PDIM region is
bracketed for the wild-type strains in the fraction analyzed in panel B and comprises PDIMs A, B, and C, while the fraction analyzed in panel C
contains only PDIM C (arrows) and triacylglycerol, which is present in all four strains, closer to the origin. (D) Absence of glycosylphenol-PDIM
(arrows for the wild-type strains) biosynthesis in transposon mutants WAg533 and WAg537.

tion module consists of a 55-kDa adenylation (A) domain
responsible for substrate selection and activation, a 10-kDa
downstream peptidyl carrier protein (PCP) domain, and a 50-
kDa condensation (C) domain, located N-terminal to the A
domain, that catalyses peptide bond formation. Two modules
are present in Nrp and the identical gene in M. tuberculosis, but
only one module is present in the orthologous NRPSs in My-
cobacterium leprae, Mycobacterium marinum, and S. avermitilis
(Fig. 8).

Nrp condensation domain 2 (C2) (Fig. 8) retains the con-
served HHX,DG motif found in NRPS condensation domains
and the more extended HX;DX,,Y motif that is also found in

the conserved Pap proteins (5). N-terminal to the first A do-
main (Fig. 8) is a second putative condensation domain (C1)
not detected by BLAST searches. This domain retains the
HHX,DG motif and a modified HX;DX,;Y motif. The spe-
cific A domain amino acid residues responsible for substrate
selectivity have been defined (8, 36). In Nrp domain A2, the
corresponding residues are DAWTVAAICK, showing that A2
is likely specific for phenylalanine. In contrast, Nrp domain Al
shows comparatively low similarity to typical NRPS A do-
mains, and it is not possible to predict the cognate amino acid
substrate. The Nrp orthologs from M. leprae and M. marinum
share only the Al domain. In contrast, the Nrp ortholog from
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FIG. 6. WAg579, a pks15/1-disrupted mutant, produces PDIMs but
does not produce glycosylphenol-PDIM. (A) PDIMs are produced by
both WAg579 and its parental, wild-type strain, WAg201 (the PDIM
region is bracketed). (B) Glycosylphenol-PDIM (arrow) is produced
by WAg201 but not by WAg579.

S. avermitilis shares an A2-like domain. While Nrp PCP do-
main 1 (Fig. 8) shows similarity only to the equivalent domain
in the Nrp orthologs in M. leprae and M. marinum, PCP2 shows
high similarity to PCP domains in NRPSs from a wide range of
species. PCP2 retains the typical phosphopantetheine attach-
ment site DSL motif, while PCP1 carries a modified GSL
motif. The most carboxy-terminal region of Nrp contains an
extended region with similarity to putative NRPS dehydroge-
nase/reductase domains. Overlapping the N-terminal half of
the dehydrogenase/reductase domain is an epimerase domain
that retains the conserved cofactor-binding motifs GxxGxxG
and YxxxK (as GATGFLG and YGTSK) of the larger, and
diverse, short-chain dehydrogenase/reductase family. The M.
bovis and M. tuberculosis dehydrogenase/reductase domains
show high similarity to the C-terminal regions in NRPSs in-
volved in the biosynthesis of glycopeptidolipids in Mycobacte-
rium avium, Mycobacterium smegmatis, and M. avium subsp.
paratuberculosis and high similarity to the C-terminal region of
FadD9. Lower similarity to a range of enzymes including other
NRPSs, polyketide synthases, and fatty acid synthases is also

M. bovis [ PrE1 Y Mbot00Mb0107] radD10)MbOT03T " Ars )

| PPE1 ) Rv0097)| Rv0098) fadD10) Rv0100) nrp—)
[ ppE Y mi1992) mi1993) fadD10) Mit998)  nip -y
B Y e
S. avermitilis | fabH4 )| fabC2 )| Sav607) Sav606) fadD2 ) Saveod) nipst )

FIG. 7. Colocalization of genes (not drawn to scale) in the
Mb0099-Mb0104 (ppel-nrp) operon in M. bovis is highly conserved in
the M. tuberculosis, M. leprae, M. marinum, and S. avermitilis genomes.

M. tuberculosis

M. leprae

M. marinum | %% ) X
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FIG. 8. Comparative domain relationships for the Nrp homologs
from M. bovis, M. tuberculosis, M. leprae, M. marinum, and S. avermitilis
shown in Fig. 7. Each condensation (C) domain, adenylation (A) do-
main, peptidyl carrier protein (PCP) domain, or dehydrogenase
(D) domain within each protein is shown as a circle (not to scale). One
module (comprising single, sequential C, A, and PCP domains) is
present in the M. leprae, M. marinum and S. avermitilis Nrps, while two
modules (Al, C1, PCP1 [module 1] and A2, C2, PCP2 [module 2]) are
present in the M. bovis and M. tuberculosis Nrps. The lines between
domains show the similarity of the M. leprae and M. marinum C, A, and
PCP domains to the module 1 domains from M. bovis and M. tuber-
culosis and the weaker similarity of the S. avermitilis C, A, PCP, and D
domains to the module 2 domains and D domain from M. bovis and M.
tuberculosis.

Nrp from S. avermitilis

observed. In contrast, the M. leprae and M. marinum dehydro-
genase domains (Fig. 8), while carrying the GxxGxxG and
YxxxK dehydrogenase motifs, show no significant similarity to
any other proteins.

DISCUSSION

The cell wall of pathogenic mycobacteria has long attracted
attention as a major determinant of mycobacterial pathogen-
esis, with specific complex lipids mediating the organism’s in-
teraction with its host. A defining feature of the cell wall in
strains of the M. tuberculosis complex and closely related spe-
cies is the presence of several classes of long-chain multi-
methyl-branched fatty acids, a broad category that includes the
phthiocerol- and phthiodiolone-dimycocerosate esters. Two in-
dependent signature-tagged mutagenesis studies have identi-
fied several attenuated mutants that carry disruptions in genes
within the primary PDIM biosynthetic locus (7, 16). This locus
comprises 13 genes, fadD26-mmpL7, transcribed in three oper-
ons (6) that encode proteins required for the synthesis or
transport of PDIMs (1, 2, 6, 7, 16, 20). More recently, Pinto et
al. (33) have shown that an M. tuberculosis strain disrupted in
drrC, a PDIM biosynthetic locus gene required for transloca-
tion of PDIMs, provided better protective immunity than BCG
in mice.

Here we have identified an additional locus, Mb0099-
Mb0104 (ppel-nrp), involved in the synthesis of PDIMs and
glycosylphenol-PDIM. We have shown that disruption of
Mb0100 in strains WAg533 and WAg537 disrupts PDIM and
glycosylphenol-PDIM biosynthesis, causing a loss of virulence.
When one of the resulting avirulent strains (WAg533) was
tested for vaccine efficacy, all measures of protection examined
were better than BCG, but the differences were not statistically
significant. This may point to a limited ability of our vaccine
protocol to resolve differences between BCG and potentially
better vaccine candidates. Whether or not a modified protocol
can be devised that has sufficient resolving power awaits fur-
ther experimentation. In addition, it is possible that a double-
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FIG. 9. Putative sequential reaction mechanism involving FadD10,
Mb0103, and Nrp in the activation and transfer of a fatty acid to
produce a lipid carrier molecule. In this model, FadD10 activates a
long-chain fatty acid precursor of phthiocerol and/or mycocerosic acid
biosynthesis as a CoA thioester (no. 1). The activated fatty acid is
covalently attached to the 4'-phosphopanthetheine prosthetic (PP)
group within the acyl carrier protein domain of Mb0103 (no. 2 and 3)
and from there transferred (possibly by the action of Nrp condensation
domain C1) to an unknown amino acid selected and activated by Nrp
adenylation domain Al (no. 4). Condensation domain C2 catalyzes
peptide bond formation between this acylated amino acid and phenyl-

alanine (selected and activated by adenylation domain A2) to create
the mature acylated dipeptide thioester (no. 5).

knockout mutant comprising a Mb0100 deletion and a deletion
within another gene (11, 12) may produce a vaccine strain that
can be shown to be significantly better than BCG even using
our present protocol.

We found that WAg533 and WAgS537 produce neither
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PDIMs nor glycosylphenol-PDIM, indicating that disruption of
Mb0100 affects a common branch of the PDIM/glycosylphe-
nol-PDIM biosynthetic pathway rather than a glycosylphenol-
PDIM-specific branch, such as phenol or sugar residue addi-
tion. Consequently, it was unclear if the avirulent phenotype of
WAg533 and WAgS537 in guinea pigs was the result of their
failure to specifically produce glycosylphenol-PDIM or their
failure to produce glycosylphenol-PDIM and PDIMs. Clarifi-
cation was provided by comparison of the virulence properties
and lipid profiles of WAg533 and WAg537 with those of
WAg579, a mutant disrupted in pks15/1 (11) that, like a similar
M. bovis BCG pks15/1-disrupted mutant (13), produces PDIMs
but does not produce glycosylphenol-PDIM. The parental
strains WAg200 (parent of WAg533) and WAg201 (parent of
WAg537 and WAg579) are highly virulent in guinea pigs, typ-
ically causing more than 100 macroscopic spleen lesions per
animal and multiple macroscopic lesions in the lung and liver.
In contrast, no macroscopic spleen lesions, nor macroscopic
liver or lung lesions, were observed after inoculating guinea
pigs with WAg533 or WAg537. By comparison, WAg579
caused an average of 12 to 13 macroscopic spleen lesions per
animal but no macroscopic lung or liver lesions (11). This
difference in the virulence properties of WAg533 and WAg537
(avirulent) versus WAg579 (reduced virulence) shows that the
absence of glycosylphenol-PDIM production by WAg533 and
WAg537 cannot account for their avirulence. Thus, the aviru-
lent phenotype of WAg533 and WAg537 requires disruption of
the common branch of the PDIM/glycosylphenol-PDIM bio-
synthetic pathway.

Our results show that while the absence of glycosylphenol-
PDIM production by WAg533 and WAg537 cannot account
for their avirulence, glycosylphenol-PDIM nevertheless plays
an important role in the pathogenicity of M. bovis in guinea
pigs. Interestingly, most strains of M. tuberculosis have a frame-
shift mutation in pks15/1 and do not produce glycosylphenol-
PDIM, showing that they do not require glycosylphenol-PDIM
for virulence. While expression of M. bovis pks15/1 in M. tu-
berculosis strain H37Rv “restored” glycosylphenol-PDIM bio-
synthesis, the virulence of this strain was not examined (13).
Conversely, some hypervirulent strains of M. tuberculosis do
produce glycosylphenol-PDIM, and disruption of pksI5/I in
one such strain resulted in reduction in its virulence in mice to
equal the virulence of M. tuberculosis strain H37Rv (34).

RT-PCR experiments with RNA from the two wild-type
strains used in this study demonstrated that Mb0099 to
Mb0104 are cotranscribed in an operon. This observation is
supported by gene annotation and by results arising from a
senX3-regX3 deletion mutant of M. tuberculosis in which the
genes equivalent to Mb0099-Mb0104 are strongly coinduced
(30). Consequently, our finding that transcription of Mb0102-
Mb0104 was detected in both mutant strains was unexpected.
A potential alternative promoter region is present immediately
upstream from Mb0102, and future studies will examine its
functionality. We also observed increased transcription of the
Mb0099-Mb0100 boundary in both WAg533 and WAg537.
Since at least one of the genes in the Mb0099-Mb0104 operon
represents a potential target for antituberculosis drug therapy,
and the promoter of the Mb0099-Mb0104 operon is apparently
up-regulated when Mb0100 is disrupted, there is potential to
examine use of the Mb0099-Mb0104 promoter in a high-
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throughput promoter-based assay to identify candidate drugs
for antituberculosis therapy.

While we have shown that the Mb0099-Mb0104 (ppel-nrp)
locus is involved in PDIM and glycosylphenol-PDIM biosyn-
thesis and general functions for several of the encoded proteins
can be proposed, their specific functions are unknown. Never-
theless, an analysis of likely function allows diagrammatic con-
struction of a possible reaction mechanism involving some of
the encoded proteins, as shown in Fig. 9 and as described in the
accompanying figure legend. Future experiments will test the
validity of this model. Of the three genes in the Mb0099-
Mb0104 operon not included in our proposed reaction mech-
anism (Fig. 9), some support for a potential role in lipid bio-
synthesis exists for Mb0100, since other Fe(II)/aKG-dependent
dioxygenases are known to play several roles in lipid metabo-
lism (22).

Cotranscription of Mb0104 (nrp) with Mb0102 (fadD10) and
Mb0103 suggests the surprising possibility that Nrp is involved
in PDIM and glycosylphenol-PDIM biosynthesis. Overall, Nrp
shows greatest similarity (contiguous from domain A2 to the C
terminus) to Mps, an NRPS involved in the biosynthesis of
glycopeptidolipids in M. smegmatis (4). Glycopeptidolipids are
major secreted constituents of the cell envelopes of many spe-
cies of mycobacteria, including M. smegmatis, members of the
M. avium—intracellulare complex, M. avium subsp. paratubercu-
losis, and Mycobacterium scrofulaceum. Disruption of glyco-
peptidolipid biosynthesis affects colony morphology (19). How-
ever, M. bovis does not produce secreted glycopeptidolipids.
Instead, if Nrp is involved directly in PDIM and glycosylphe-
nol-PDIM biosynthesis, we suggest that it may be involved in
the biosynthesis of an intracellular peptidolipid carrier mole-
cule that serves as the donor of the long-chain fatty acid(s)
entering the specific pathway to phthiocerol/glycosylphenol-
phthiocerol and/or mycocerosic acid biosynthesis (Fig. 9). Bu-
glino et al. (5) have recently determined the crystal structure of
PapAS, an acyltransferase encoded within the PDIM biosyn-
thetic cluster that Onwueme et al. (29) propose as the catalyst
for the diesterification of phthiocerol and phthiodiolone with
mycocerosate. PapAS shares structural and sequence motifs
characteristic of CoA-dependent acyltransferases, including
the condensation domain from VibH, an NRPS (5). In our
model the novel condensation domain (C1) of Nrp may act to
esterify a long-chain fatty acid with the carboxy acid selected by
adenylation domain Al.

Finally, while we have identified a new locus, Mb0099-
Mb0104 (ppel-nrp), that encodes proteins with roles in the
common PDIM/glycosylphenol-PDIM biosynthetic pathway,
further studies are required to identify the specific roles for
each protein and to determine if all six genes in the operon are
required.
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